
Space	Charge	and	CSR	Microwave	Physics	
in	a	Circulated	Electron	Cooler		

Rui	Li	
	Jefferson	Lab	

	and		
C-Y.	Tsai,		D.	Douglas,	C.	Tennant,	S.	Benson,		

Ya.	Derbenev,		E.	Nissen,	Y.	Zhang	



Here	CSR	stands	for		“Coherent	Synchrotron	RadiaJon”		
instead	of		“Cryogenic	Storage	Ring”	
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I.	IntroducJon	
MoJvaJon	to	study	microwave	instability	(MBI):	

§  CCR	requires	the	transport	of	high	intensity	beams	while	
preserving	brightness	of	phase	space	quality	

§  Early	design	of	CCR	of	MEIC	
§  First	numerical	observaJon	of	CSR	effect	on	

microbunching	instability	(MBI)	in	CCR	of	MEIC	



CCR	for	High	Energy	Electron	Cooling	

•  Cooling	high	energy	ion	beam	requires	high	energy	electrons	
accelerated	by	RF	cavity	----needs	bunched	beam	cooling	

•  Efficient	electron	cooling	at	high	energy	demands		
–  High	average	current	for	the	cooling	beam	
–  High	beam	power	
–  High	phase	space	quality	of	the	cooling	beam		

•  ERL	allows	the	beam	power	recycled	by	the	linac	
•  CCR	is	proposed	to	reduce	the	demand	for	high	average	

current	from	the	electron	source	and	in	the	linac	



IllustraJon	of	CCR	of	MEIC	

•  The	electron	beam	will	be	reused	for	cooling	the	ion		beam	mulJple	
					Jmes	by	circulaJng	in	the	CCR	for	mulJple	turns	



Requirements	for	ERL-CCR	Cooler	

•  The	success	of	the	ERL-CCR	design	concept	is	measured	
by:	
–  The	maximum	number	of	circulaJons	in	the	CCR	before	the	
bunch	self-heaJng	during	its	transport	in	the	ring	

–  Full	energy	recovery	aZer	the	circulaJons	
•  The	cooler	performance	is	determined	by:	

–  The	technology	of	ultra	fast	kicker	(Amy	Sy’s	talk	on	Tuesday)	
–  The	ability	to	transport	high-intensity	beam	while	preserving	
high	beam	phase	space	quality	

•  CollecJve	interacJon	of	the	high-intensity	bunch	tends	
to	cause	instability	and	presents	significant	challenge	in	
beam	dynamics	



Early	Design	of	ERL-CCR	for	MEIC	

(Tennant	and	Douglas,	2012)	



Numerical	ObservaJon	of	Microbunching	Instability	

100K	parJcles	
Single	turn	
No	quiet	start	

1000K	parJcles	
Single	turn	
With	quiet	start	

Elegant	tracking	results	

(Tennant	and	Douglas,	2012)	

	(Nissen	et	al.,	2014)		
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Bunch	Longitudinal	Phase	Space	DistribuJon	



EvoluJon	of	Longitudinal	Phase	Space	

quiet	start	 1	turn	

2	turn	 3	turn	

4	turn	 5	turn	

Elegant	tracking		
Results		
	
(100K	parJcles)	



ObservaJon	and	QuesJons	

•  The	beam	is	severely	microbunched	aZer	a	few	
revoluJon	in	the	CCR.		

•  The	phase	space	distribuJon	depends	sensiJvely	on	
–  iniJal	condiJon		
–  the	number	of	parJcles	used	in	simulaJon	

•  QuesJons	
§  Are	these	results	real	or	numerical	arJfacts?	
§  How	to	understand	the	underlying	physics?	
§  How	to	miJgate	these	microbunching	instability	



II.	LSC	and	CSR	induced		
Microbunching	Instability	(MBI)		

	
•  LSC	on	straight	path	
•  CSR	interacJon	in	magneJc	dipoles	
•  Physics	of	Microbunching	instabiliJes	
•  Challenges	of	Numerical	SimulaJon	
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Self-InteracJon	Among	ParJcles	in	a	Bunch	

t1 t2
•  EM	fields	generated	by	each	source	parJcle	

Coulomb	field:	
Important	on	straight	path	

Synchrotron	radiaJon	field:	
Important	on	curved	orbit	

•  Longitudinal	wakefield	by	the	bunch	on	each	test	parJcle		
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LSC	InteracJon	on	Straight	Path	
•  Longitudinal	space	charge	(LSC)	wakefield	for	a		Gaussian	bunch	

		

	
	

 
W!(z) =

Nere(mec
2 )

γσ z( )2 i  (form factor)∝
I peak
γ 2σ z

Typical	Form	factor	

z /σ z

•  Longitudinal	impedance	
		

	
	

 
!WLSC (k) = ZLSC (k)I(k)

(wide	beam,	low	energy)	

(thin	beam,	high	energy)	

LSC	“wake”	stronger	at	smaller	scale	



CSR	InteracJon	on	Curved	Orbit	
•  Coherent	synchrotron	radiaJon	(CSR	)	wakefield	for	a	Gaussian	bunch	
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•  Longitudinal	impedance	
		

	
	

 
!WCSR(k) = ZCSR(k)I(k)

ZCSR(k) = −iA cZ0

4π
k1/3

R2/3    (A = 1.63i − 0.94)

CSR	“wake”	stronger	at	smaller	scale	

Form	Factor	
z /σ z

Bunch	
head	

Bunch	
tail	

(Ya.S.	Derbenev	et	al.,	1995)	
,		



Coherent	Synchrotron	RadiaJon	



Features	of	LSC	and	CSR	InteracJon	

•  CSR	impedance	is	independent	of	energy.		CSR	effect	can	be	
important	at	high	energy.	

	
•  At	high	energy,	parJcle	longitudinal	posiJon	in	the	bunch	is	

frozen,	and	LSC	induced	energy	modulaJon	keeps	
accumulaJon	along	the	beam	line.	MBI	from	LSC	could	be	
more	serious	than	CSR	induced	MBI	



Microbunching	Instability	

PerturbaJon	

PerturbaJon	

(Z.	Huang,	SLAC)	

= dz dδ p



Example:		Development	of	Microbunching	
Instability	in	an	FEL	Driver	



MBI	Process	In	CCR:	
Density	ModulaJon	

Energy	ModulaJon	

ZCSR  (in dipoles)
ZLSC  (on straight)

R56

R56  from bends

Early	Design	of	CCR	of	MEIC	



III.	Analysis	of	MBI	for	Non-magneJzed	Beams	
	

•  Vlasov	analysis		
–  Linearized	perturbaJve	approach	
–  CharacterisJcs	

•  Role	of	Landau	damping	by	emijance	and	energy	
spread	

•  Dependence	on	beam	current,	intrinsic	spread	and	
laUce	opJcs	

•  Comparison	with	tracking	results		
–  Convergence	

•  Impact	of	laUce	design	on	MBI		
•  	Proposed	benchmark	with	experiment	



Microbunching	Gain	Analysis	

•  Vlasov	equaJon	

f (X;s) = f0 (X0 )− dτ ∂ f (Xτ ;τ − 0)
∂δτ0

s

∫
dδ
dτ

Bunching	factor:	Amplitude	of	Fourier	component		 b(k;s) = 1
N

dX  e− ikz f (X;s)∫
b0 (k;s) = 1

N
dX0  e− ikz f0 (X0 )∫IniJal	bunching	factor:	

∂ f
∂s

+ dX
ds

⋅∇X  f = 0

f = f0 + f1
Linear	ApproximaJon:		
Small	perturbaJon	over	a	coasJng	beam	

X = (x, ′x , y, ′y , z,δ )



Gain	Analysis	

1.	Density		
ModulaJon	
at		τ

2.	Convert	density		
modulaJon	at						to		
energy	modulaJon	
		

τ
3.	Convert	energy		
modulaJon	at							to	
density	modulaJon	
at		s

τ

Longitudinal	
smearing		
due	to	beam	
intrinsic	spread:	
Landau	Damping	

(laUce	effect)	

•  Gain	is	suppressed	by	Landau	damping	at	small	wavelength,	and	decrease	at	
large	wavelength	by	impedance.	There	is	an	opJmal	wavelength	when	the	gain	peaks	





Two-Stage	AmplificaJon	 (Huang	and	Kim)	

LCLS	BC2	

Dipole	1	

Dipole	2	

Dipole	3	





MBI	Measurement	at	LCLS	

Vary	R56	at	BC2	 Measurement	done		
here	

(D.	Ratner	et.	al,		PRSTAB	18,	030704	(2015)	
	



MBI	in	the	MEIC	Circulator	Cooler	Ring	

Name Value	 Uni
t 

Beam	
energy 

54 Me
V 

Bunch	
current	

60 A 

Norm.	
emi:ance 

3	
(in	both	
planes) 

μm 

βx0,y0 10.695/1
.867 

m 

αx0,	y0 0.0/0.0 
Slice	energy	
spread 

1	×	10-4 

Chirp 0.0 m-1 

(With	steady-state	CSR	interacJon	only)	
Microbunching	Gain	along	the	path	length	(1	turn)	

Beam	Parameters	

(C-Y	Tsai	et	al.,	see	poster	in	this	workshop)	



Microbunching	Gain	in	CCR	
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•  LaUce	funcJons	for	CCR	

•  Staged	microbunching	gain	spectrum	for	one	pass	through	CCR	



ContribuJons	from	Various	Impedances	
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s.s. UR−CSR
s.s. NUR−CSR
s.s.+tr.+drif. CSR
s.s.+tr.+drif. CSR + LSC
LSC only

Steady-state	CSR	only	

s.s	CSR	and	CSR	driZ	

LSC	only	

CSR+LSC	

•  Microbunching	gain	spectrum	for	one	pass	through	CCR	

•  This	only	gives	the	growth	rate	in	the	linear	regime.	The	MBI		
				will	saturate	quickly	in	the	nonlinear	regime.	



IV.	MiJgaJon	Methods	

•  Local	isochronicity	of	opJcal	laUce	
– Small	R56	
– Comparison	of	MBI	for	two	different	laUces	

•  Use	magneJzed	beam	
– Larger	transverse	emijance	for	Landau	damping	
– Possible	shielding	of	CSR	by	vacuum	pipe	



Ø Lattice Impact: two 1.3 GeV high-energy recirculation arcs 
Name Example	1	

(large	R56) 
Example	2	
	(small	R56) 

Unit 

Beam	energy 1.3 1.3 GeV 
Bunch	current 65.5 65.5 A 
Norm.	emijance 0.3 0.3 μm 
βx0 35.81 65.0 m 
αx0 0 0 
Slice	energy	spread 1.23	×	10-5 1.23	×	10-5 

Example	1	

Example	2	

Example	1	 Example	2	

•  Momentum	compacJon	along	the	arc:	

•  Twiss	parameters	
						along	the	arc:	

(D.	Douglas	et	al,	arXiv)	



Microbunching	Behavior	for	the	Two	Example	Arcs	
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Ø  Microbunching	gain	along	the	arc	

Ø  Microbunching	gain	spectrum	at	the	end	of	the	arc		

Example	2	Example	1	

Example	1	 Example	2	



MagneJzed	Beam	

•  Transport	the	beam	with	angular	momentum	
through	dipole	with	focusing	index	½---axial	
symmetric	focusing	in	dipole	

•  Large	emijance	is	likely	to	cause	stronger	Landau	
damping	at	short	wavelength	

•  Push	the	peak	of	microbunching	gain	spectrum	to	
larger	wavelength	

•  MBI	could	be	suppressed	by	shielding	of	CSR	occurs	
at	longer	wavelength		

•  More	complete	theoreJcal	and	numerical	study	will	
be	carried	out	

(suggested	by	Ya.	Derbenev)	



CSR	Shielding	by	Vacuum	Pipe	



Experimental	Test	

•  To	produce	the	same	microbunching	effects	in	the	test	facility	as	in	the	
CCR,	we	need	to	prepare	a	bunch	with	
–  Comparable		
–  Comparable	intrinsic	spread		

•  Demonstrate	the	capability	of	transporJng	high-brightness	
beam	without	degrading	phase	space	quality	

•  Verify	the	theoreJcal	and	numerical	predicJons;	test	the	
codes	

I peak γ
ε x ,ε y ,σ p

Proposed	Test	Facility	of	CCR	using	JLAB	FEL	

IR	line	

UV	line	
Circulator	ring	



V.	Conclusion	

•  CCR	has	a	big	potenJal	to	enable	high-energy	electron	cooling	
by	using	electron	source	of	achievable	average	current	

•  However,	CSR	and	LSC	induced	microbunching	instability	
could	heat	up	the	cooling	beam	during	its	transport	in	CCR	

•  Microwave	physics	is	largely	understood	and	Vlasov	solver	is	
developed	for	non-magneJzed	beam	

•  Theories	and	simulaJons	are	to	be	benchmarked	with	
experiments,	and	theory	could	give	guidance	on	the	scaling	
for	test	faciliJes	

•  Further	studies	are	planned	for	microwave	physics	of	
magneJzed	beam	in	CCR,	and	miJgaJon	schemes	will	be	
explored	to	successfully	transport	magneJzed	beam	through	
CCR	for	high	energy	cooling	


